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Mesoscale Features of a Winter Storm:

Dual-Doppler Velocity Fields

and Differential Reflectivity

1. INTRODUCTION

The 1 1-cm wavelength (S-band) Doppler radar operated by the
(Geophysic-s Laboratory (GL) in Sudbury, Mass., has been used for several
years for investigations of the physics and kinematics of storms, including
both convec('tive storms, typical of the late spring and summer, and synoptic
scale low-pressure systems, typical of the fall and winter. This radar was
modified in 1985 and 1986 to permit the measurement of the linear

polarization differential rellectivity (ZDR) for investigations of the
microphysics of clouds and precipitation. 1, 2 One of our goals has been to
integra (, the ificrophysical inforna tion with two- and three-dimensional

vec(tor wind fields for more cornprehensive u nderst an cling of the

( vc'ived for pubilication 6 A[pril 1990)

(The lid o' refcreti'es lwgirS on pa1ge 33)



development of precipitation systems. The wind fields can be derived from
coordinated observations by the GL radar and the 11-cm wavelength
Doppler radar at the Massachusetts Institute of Technology (MIT) in
Cambridge, Mass. Several storms were observed by both radars during the

period January-March 1988. This report describes small-scale features of
the cyclonic storm of 12 February 1988. This storm is of interest because of

the changing types of precipitation that it generated and because of certain

features observed in the Doppler velocity displays. In particular, the

Doppler velocity data from the GL radar suggest the presence of a

inesoscale vortex that persisted for about 21/ hr. A preliminary
analysis3 showed a possible relationship between this feature and a

rnesoscale trough and led to the hypothesis that the velocity feature was

associated with the development of a coastal front. This report presents the

results of our further investigation of the precipitation microphysics and the
mesoscale velocity field of the storm.

2. SYNOPTIC CONDITIONS

tietweeen 1900 EST on 11 February 1988 and 0700 EST on 12 February

1988 (0000 and 1200 UT on 12 February) a slowly moving, intensifying,
cutoff low was located over upper Michigan and Lake Huron. The 850 mb

analysis at 0700 EST (1200 UT) on 12 February (Figure 1) shows the 850

mb low center over the Bruce Peninsula, on the east side of Lake Huron.

There is some evidence of a low-level southerly jet in the southeast

quadrant of the circulation around the low center. The highest wind speeds

in the vicinity of the 850 mb low were over Atlantic City, N. J.; Wallops

Island, Va.; and Greensboro, N. C. The surface low pressure center

associated with the upper level circulation was located in the vicinity of
Lakes Erie and Huron; a secondary area of low pressure was developing off
the coast of New Jersey. This area of developing low pressure intensified
and moved to the east-northeast, remaining south of New England, during

the daylight hours of 12 February (Figure 2). At 1600 EST (2100 UT) it
was located about 100 km south of the coast at the border of Rhode Island

and Massachusetts, or about 200 kin south of the GL radar, and was

(lepning at n rate of about I rnb hr . A warm front extending eastward

2
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Figure 2. Map of Southeastern New England. Map is annotated to show

locations of radars and reporting stations mentioned in text, location ofr th~e

analysis grid, and locations of the surface low pressu~re center at, 1900, 2000.

and 2100 UT (1400, 1500, and 1600 EST) interpolated from sea-level

analyses at 1800 and 2100 UT. Circular arc" denotes 115 km range F'rom the

Geophysics Laboratory radar.
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at the surface from the low pressure center was evident in soundings at 0700
EST (1200 UT) from both Chatham, Mass. (Figure 3), and Portland, Maine
(Figure 4). The wind was easterly through the lowest kilometer and veered
to southerly at 2 kin; similar characteristics were evident in the Doppler
radar data throughout the morning and early afternoon. The sounding
from Chatham revealed that the temperature was above 00 C as high as 805
mb (aboiit 2 km height) but was within less than two degrees of 00 C
throughout the lowest 2 km. This thermal structure bears some similarity
to the deep 0' C isothermal layers in stratiform precipitation described by

Stewart'1 and by Szeto et al. 5

Precipitation spread northward over New England ahead of the surface
position of the front, beginning as snow in all but the south coastal areas.
The change to rain progressed northward, accompanying the northward
advection of warmer air in the lowest few kilometers. Precipitation at the
GL radar site began as snow about 0400 EST, mixed with rain shortly after
1200 EST, and ended about 1400 EST. The precipitation was initially
stratiform in structure, but became more showery as clearing progressed
from the west. Clearing of the heaviest rain (greater than 0.1 inch hr - 1)

occurred over southern New England between 1100 and 1600 EST, but
precipitation continued intermittently over much of this area until the early

hours of 13 February.

A typical feature of coastal cyclonic storms such as this one is the
formation of a low-level front, known as a coastal front,6 as warm air
approaching from the east or southeast overruns cold air near the ground,
creating a strong temperature gradient near the coastline or as much as 50
kin inland. The hourly temperature data from 12 February 1988 suggest
the formation of a coastal front across southern Rhode Island by 1000 EST.
Some of the temperature differences at the surface suggest horizontal
gradients as high as 0.2 K krn- 1, typical of the coastal fronts described by
Bosart et al., 6 but the spatial continuity of these gradients was limited and
the surface winds in that area did not exhibit cyclonic curvature or
convergence typical of coastal fronts. The surface winds were generally
(easterly or east-northeasterly all along the coast and 100 km or more inland.
Thus, contriry to the preliminary suggestion that the observed features
were associ ated with a coastal front, we now conclude thit t hese features
were le result of otl er ticlilnisms. lStibst litill wlIvectioli of w1arm alir it

5
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low levels over most of southeast New England led to strong static stability

in the lowest 2 kin. This stability, together with the deepening and
eastward movement of the low pressure center to the south, provided the
setting for the inesoscale wind variations observed by radar during the late

morning and early afternoon.

3. RADAR MEASUREMENTS

The GI, radar, located about 35 km (22 miles) west of Boston, Mass., was

operated with a pulse repetition frequency of 1000 Hz, which yielded an
unambiguous range of 150 km and an unambiguous Doppler velocity

interval of -27.65 m sec - 1. It was operated generally in a volume scanning
mode from 1830 EST on 11 February to 1535 EST on 12 February.
Azimuthal scans were made at elevation angles of 0.5, 1.5, 2.5, 3.5, and 4.5'.
A network of three switchable circulators in the microwave circuit
alternated the polarization of successive transmitted pulses between

horizontal and vertical. The data archive comprises the absolute reflectivity
(Z), the differential reflectivity (ZOR), and the Doppler mean velocity in 768
gates at 150-in increments in range, to a maximum range of 115 km,
averaged and sampled at intervals of 0.128 sec (approximately 0.93'
resolution in azimuthal scans). The linear polarization differential

reflectivity is defined by

ZDR ZH / Zv,

or by the logarithmic equivalent, where ZH and Zv denote the reflectivity

factor measured with horizontal and vertical polarization, respectively. 7 Its

use in the discrimination of solid and liquid hydrometeors is well

documented in the meteorological literature. 8

The MIT radar, located 33 km from the GL radar on an azimuth of 100',
was operated with a pulse repetition frequency of 721 Hz, which yielded an
unambiguous range of 208 km and an unambiguous Doppler velocity

interval of -20.0 m sec 1. It was operated from 2350 EST on 11 February
until 0550 EST on 13 February, also predominantly in a volume-scanning

mode. ( ntil about 1200 EST on 12 February only two elevation angles (0.7
awnld 1.5') were used: subsequentl v, voluime scans comprising five elevation

angles (0.7, 1.5, 2.2, 3.0, an(l 1.0") were mlade a intervals of about 10

8



miniutes. The data archive comprises absolute reflectivity, Doppler mean

velocity, and l)oppler spectrum variance sampled in 200 gates, spaced by
0.25 kin fromn 0-10 kin range and by 1 km from 11-170 km range, with
;izirnuthal resolution of 0.7-0.9'. The data selected for detailed velocity
aia lysis were acquired between 1214 and 1405 EST on 12 February.

4. ANALYSIS OF RADAR OBSERVATIONS

4.1. Thermodynamic Phase of Precipitation

The storm of 12 February 1988 was typical of coastal winter storms in
that precipitat.ion began as snow except along the southern coast and
changed to rain progressively as warmer air was advected northward.
l)isplays of the (ifferential reflectivity at low altitude revealed values near
unit y (0 d1), indicative of the ice phase, initially covering most of eastern
Mlassach usetts and northern Connecticut and Rhode Island. An apparent

transition line, to the south of which the differential reflectivity was greater
than unity (positive decibel values), moved northward during the morning

hours. It, was located about 60 km south-southeast of the GL radar at 0909
EST' (Figure 5) and advanced to 40 km range by 1021 EST (Figure 6) and
:35 kin at 1050 EST. Thereafter it became less well defined, as the

p)recipitation structure developed more spatial variability. Precipitation in
Providence, R. I., about 70 km south of the radar, was reported as ice

pellets (sleet) at 0700 EST; this indicates that rain, which typically yields a
positive differential reflectivity, was present aloft. The nearest reporting
station north of Providence is Norwood, Mass., where snow continued until
after 1100 EST. By that time, the heaviest precipitation was concentrated
in a band lying between 15 and 100 km southeast of the GL radar and
extending southward and east-northeastward on the radar display (Figure
7). The (differential reflectivity was positive at low altitudes in most of this
band, except for a region of near 0 dil toward the eastern end. The change
from snow to rain at the radar site occurred as this band of precipitation

slowly expanded toward the northwest.

In the interpretation of azimui thal radar scans lhrough strai form
precipitaition. olo iiuist tlake care to clrai'dc(' fcalines due to horizonll

9



vi r at onl 5 Iror ii fen u resi duo to vertical variations, particulIarly near the

Tt telt in level. III the p~reseri t case we at t emipted to (10 this by performing a

secries; of el vnt ionl sean at wevernila iinlltits ab~out 1000 EST and about.

1:),(1 LS) 'I'lhe result in g vertical ('ross-sect ion at, 0956 EST, nearly
pel-toiidit'llai to I e liue of' t ralisitiloi of' (jifreultial reflectivitY, is shown in

l'i["11r( 8. T~w yer l st , ructm'ie revenis a maxinmm of absolujte reflectivityN

enir 2- -- kml high niuiit0 much of t lie surveillance range. This feat ire

a 11(1 t lie iltircas('(f (ifliorei m relle,(mit v below :3 kmi height hbe~ord about

-)0 ki range,, are ('onlsteult witl Ithle pireseiice of mielting precipitation, that.
i.a" brighOt baind. A\t 1000 [,,T the teniperature was 1.1' C in

Pi ovidence. H. I. about 70 kill soutl i of' the radar'. While tis teriperature

:Ii ver( t N v' low Tue1 tillg level (about 200 111, based onl a moist adiabatic
lapsec rate), we sioldd r-call thlat the miorninig sounding fromn C, hathamn
sdl 0 ell mpera It iiresL not far f'rom 0' C to a hecight. of 2 kmll, where we might

tle re'fo re e'xpec't to see tlhe hr igh t !)and. Thec radar observation, whiTch
sdlt 0 pVS osi t ive dIeci bel valuiies of different inl rieflectiv ity and relatively high

atisof, a hsolli t e reflect ivit t u to 2 kinl, suggests that melting begins at
It is Ileig it. TI'wo factorIs ilmay c(ont ribu te to the large vertical extent of the

a ppa r 'tl b rigli t ha 11(. First , because, the temuperatu re is nearly isotherrna

ill lie lowest 2 kui, Ilie nuelti ug riiav riot pr'oceed fast enough to yield a well

defi iied brighlt banidJ. 'SecondI thew vertical dIimnension of the radar beami at,
lose,( ra igues (1 .2 k nt at 70 k ni range) mnay be too great to reveal details of

lwit'elting level. i''( enhanced absolute reflectivity at ranges of 1.5-50 kmn
is iiufi kelv to represent a melting level, because there is no corresponding

en ia iicernent of diflerent in reflectivi ty.

Inl conitrast, to the structure revealed in Figure 8, azimuthal scans about
1150 EST sh~owedl structure sulgge'stive of a hbright band in the southeast

secttor near 1.5 kni height, (at, ranges of 20-35 kin). The change of
precipitat ion from snow to rain in Norwood, Mass. (36 kmn on 133' azimuth

fromt the (;I, radar), o(ccurred1 between 1100 and 1200 EST. The rapidly

Sca Ic of' (Ibsolli I reflectivity Ii Figures 5-9 a nd Figure 16 runs from -28 to +47
f11Z. N ubers shown inl blue denote negative values. For example, gray shading

denotes 17-22 (IIZ; yellow, 22-271 di3Z; black, 27-32 iIBZ; and red, 32-37 IIBZ.
l0ilferen (ia/ rrflcrtirii run,: from -1I2.8 to + 12.8 (113 onl a nii merical scale of' 0 to
100,t) or ;ihotut 11 cotunt, per decibel. Thuns creen dfenotes' -1I (0.5 df3: gray, 0--0.5
dB: vel low. I - 0.5 (M: :uuW ii. 2---(..7 dM.

10



Figure 5. Absolute and Differential Reflectivity at 0909 EST. Range is
marked at increments of 32 km and maximum range is 115 km. Color
scales are described in footnote on Page 10. Upper panel: Azimuthal scan at

0.5' elevation angle shows highest absolute reflectivity beyond 40 km south
of the GL radar and relatively uniform values in the northern part of the

display. Lower panel: Differential reflectivity is most strongly positive

(yellow denotes 1 _ 0.5 dB) beyond about 60 km south of the radar and near
zero (gray) or only weakly positive elsewhere, ii(tiicative of snlow; radial

pattern in northern sector is due to low-level blockage of' the radar beam by

nearby towers and trees.

11



Figure 6. Absolute and Differential Reflectivity at 1021 EST. Azimuthal

scan at 0.5' elevation angle shows structure similar to that in Figure 5.

except that regions of high absolute reflectivity (upper panel) and positive

differential reflectivity (lower panel) have moved nortiward to ranges of 25
,and 40 kin, respectively.

12



'igiire 7 . Absolute Reflectivity at 1112 EST. Azimuthal scan at 0.5'
(clevx'ation angle withl m1axitimn m range of 115 km shows band of high

reflectivitY soidtheast of the GL radlar. Claigof precipitation from the

Soli tb1West. ha',d beguln by tb is timve.



l'igiirev 8. Vertical Section of Absolute and Differential Reflectivity at 0956

EST. I~Rnge and height are marked at increments of 32 anl( 4 km.l

reIspectively. Elevation angle scan at, 191' azinitith shows increased absolute

-c (u~pper pariel) and positivv differential reflectivity (lower panel)

below 2 kin height ind be 'yond 50 ki ringe. issociitedI with rini or inixe(I-

plula'c precipit at ion. Regiori of, itepatiye differential reflect ivitv (greeni ind

blue11c)a-,t '2-1 ki height and 50-90) ki range is due to dletection of the low-

level inaxiIIiii11 reflect ivit i iia side lobe of' the antenna paittern.



evolving Structture of' thle precipitat ion shown on the raclar disp)lay made it

dhifficuilt to f'ollow th leeloprment of' thle bright band~ i dettail. Thel( br!ighit

fbai(] gra~iialv bc.-oe better dlefined1 :is it expanded azimiuthally,
cXt('ii ngii through Iliost of' the( soiutherni ,ector by, 1210 EST. when the

('lialige I roit snowN to rain becgan ait tlie (,'I radIar site. By 1215 EST it liiid

expande d ito the niorthleast quadlrant. dipp)ing down to abouit I ki height

(Figiirc 9). aid( Ity 12:10 [,sl- it w as detectabfle it all aziIiiiuit IS. T[he chiarig(

01f phaseC of* preCipitation mi Bedflord. Mass. (18 kil n iiY' a zimth f'romi thle

M. radlar). was iiorc gradual t han at Norw ood. possibly beccause thle

report tig st at iou in iiBedford (at L. (". H aniscomrield) lie- inl a b"Isin in

which cold1 air call be trapped Tiear thle grouind. Hoburly ob)servations froml

N 'd ford reported -Ilokw thirough 1 2001 l:Sl. ixed snow a rid rain at 1:300 anrd

1 100, snow at 15;00. :in(] rain at 1700 iid t hereaftIer ( the 1600 F-S]

obs('crvationl was rrisrg.'I'lie, bright band observed by thle (J. radar

pcrsisteh tiear I kill height unt il about 1 100 EST! .When the steady rain
eii1ded ait t hu raduar 4itc'. The teip1)ert tire at the radar site reached 0' (,

aboutl 1 200t IK ST arnd irucreas'(l slowlyv to 0t.,) -( l 1)) :30(1 F-S'! arid I.0, U at

1 60(0 Th! 'le olis'ervat ions of' ablnrteul aind differerial reflectivityv thus

providhe strorng wevnce of' the adhvect ion of' wvaril air aloft while the air near

tie siurFace remai~ined quite (cold. ']'his is ('onii iteft with the thermal

st ruictuire shown in F'igurres I arid 3 arnd withI thle kinueniat ic ob~servat tors

(f('s(ribewl below.

4.2. Mesosicale Wind Perturbations Aloft

Thle structnrre of thle sfkorru b~egani to chua nge ab~out, 1100 EST. As noted
a bove, thle prec ipi tat ion st ructuirre exh i ted more spatial variability after

firis Li mre. Two riot ewort.h y levatinres a ppearedl in the Doppler velocity
disp lays, ahout. th liis tinlie. At. 10,17 VSI a rotational conuplet of maxinimr

anrd mi ni r mum Doppler velocities, separated by about 13 kmii ap1peared near
the ed(Ige of t he siurveilIlanc'e area alIimost ulune southLi of the radar. 1)iscerria hle

first at, elevation angles of 1 .5 an11d 2. 5' (a bouit 2.7 arid .1.5 ki height at 102
knir range), thre ouipivt tro ved almuost duie riort hward at a speed of 90- 1 00
kim hr 1. Fignure 10 shows it~s piosit ion near 80 kill rarig(e ait 1101 F-ST. Bly
1 12.1 HES-!', at Ti krrr range, it was di!scrrial(' onlY at 3.-- ainid L.5" ehevat onl

15



Figure 9. Ahsoiite and D~ifferential Reflectivity at 1219 EST. Range is
marked at increments of 16 km. Azimuthal scan at 3.4' elevation angle
shows "bright band" in absolute rei'lectivity (tipper panel) at, 16-24 kin
range (1 .0- 1.5 kin height) and1 in differential reflectivity (lower panel) It
13-19 kmn range (0.8-1.2 kmn height ), exteninig ipproxinintely from

nort h)(ast, clock wise thIirough soui t IiWest 111(1 Slopinig ii )W.I r- t oward1 thi
south . ('liauu1ge of' 1recilpit~ation fromu snow to iixed phanse occurredl, th le
radar site about this time.

16



(2.7 iid 3.5 kill l , hl ). Ihe riilini t ;iiW inJaxiruii velocities remained
ni irk flv <tn, ali t oti -- 2( rt N) Hi sO(', respectively. The average of

1h(-(, I- 99 kin hr 1, which is alpproxiniately equal to both the forward
pi( w(] of ie cilo1)l(1 ald t he wuiid speed at 2-4 kil height derived from the

:itIv is of diual D)oppler raidar nwcasureinents. 'his velocity couplet thus
A a1s s itl 4 v sigoiestive of a vortex einbed(led in the southerly flow between

2 mind - kill bright. It was associated with a slight enhancement of the

r ,flivit Vi. but it did not appear to influence the velocity field below 2 km

height, prob)iblyN because of the strong static stability in the lowest 2 ki.

\\hile this fe'teal nrwas still ideitifiable, another naximumn and minimum

oI iluc I)nppler velocity appeared ii the southern sector. This second

fa ltre, larger thIan the first, was discernible near the edge of Lhe
IT rvCillhirice area, beyond 100 kin range, about 1120 EST. By 1135 EST it

w.s idertiiiaibe at the lowest three elevation angles (0.5, 1.5, and 2.50) at

ratii~s of 0 -95 kin. I)uring a period of about 2.5 hr this feature moved

!zral a i~noirtihcastward; for most of this time, the minimum of the inward
I)(ipplhr ve'locit 'v a ppeared about 30-40 km west or southwest of the

iiiaxiiitt. llv 1315 iST the maximum inward Doppler velocity was
idinltiilIe at all five elevation angles. Azimuthal displays of the Doppler
velocity at elevation angles of 1.5 and 2.50 about this time are shown in

Figure II. The feature appeared only in the upwind (southern) sector of
the displays; at, no time did any corresponding feature appear in the
downwind (northern) sector. The preliminary interpretation of this
feature 3 was that it was due to a mesoscale vortex. Analysis of the

horizontal wind fields, discussed in more detail below, revealed that the
observed Doppler velocity structure was due not to a vortex but to a

riesoscale trough and ridge. With this knowledge, one can reexamine the
)oppler velocity data from the GL radar and find that the observed

features have more continuity in the horizontal than in the vertical and
that, unlike a vortex embedded in the observed wind field, they have a
significant component of motion perpendicular to the wind vector.

In an attempt to understand the velocity structure better, we synthesized
the two-dimensional horizontal wind field at several heights from data

acquired by the GL radar and the MIT radar. This was accomplished by

means of the )oppler radar data analysis software package known as
(ClHD)k l(. which was developed at the National Center for Atmospheric
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Research in Boulder, Colo., 9 and installed on the VAX 11/750 computer at
the GL radar field site. We performed the analysis on an 80-km square grid

south and southeast of the radars (see Figure 2), encompassing most of the

region within which the unusual Doppler velocity features were seen. The

Doppler velocity data were dealiased, interpolated to the grid with

resolutions of 1 km horizontally and 0.5 km vertically (from 1 to 4 km

height), and edited to remove obviously incorrect values prior to synthesis.

The synthesized zonal (u) and meridional (v) components were patched to
improve spatial continuity, filtered by means of the method developed by

Leise, 10 and used for computation of the two-dimensional divergence (u/a.

+ Ov/ay) and the vertical component of vorticity (cv/ax-Ou/dy) in the

horizontal planes. The Leise filter was applied with three "steps;" this

procedure, which yields a scale size of about 8 km in the filtered data, was

necessary to eliminate smaller-scale variability of the divergence and
vorticity fields that was due to noisy radar data. (Some of this variability is

due to blockage and reflection of the beam of the MIT radar at low

elevation angles by tall buildings.)

Analyses of volume scans beginning at 1214, 1245, 1314, 1335, and 1401

EST show that the analysis area initially was dominated by a strong

southerly flow at 1.5 km height and above; a region of weaker south-

southwesterly flow advanced across the grid, initially at a speed of about 11
km hr - 1. It is the difference between these flows that appears as the couplet

in the Doppler velocity displays. The horizontal vector wind fields at 2 km
height at 1314 and 1401 EST are shown in Figure 12 as examples of the

analytical results. The evolution of the wind field is further illustrated in

Figure 13 by hodographs of the mean wind in the analysis grid. As the

region of weaker flow advanced across the grid, the mean wind speed at all

levels decreased. In addition, the winds at 1.5 km and above veered with

time, because of the westerly component behind the advancing wind shift

line. We should note that the mean values presented in Figure 13 are

calculated only within the domain of signal detectable by both radars; they

Scale of Doppler (radial) mean velocity in Figures 10, 11, and 16 runs from -27.65
to +27.65 m sec - 1. Green, yellow, and red denote positive (outward) velocities;
blue and magenta denote negative (inward) velocities. Color scale wraps around
on itself to denote higher velocities, which are said to be "folded" or "aliased."
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Figure 10. Doppler Mean Velocity in Azimuthal Scan at 1101 EST.

Elevation angle iF, 2.5', aitd range is marked at increments of 32 km. Color

scale is described in footnote on Page 18. Wind is east-northeasterly at the

surface and veers with height to southerly at 2.8 km (64 km range);

maximum speed is about 40 in sec from the southeast at 1.7 km height (40

km range). Rotational couplet of maximum and minimum velocities is near

8() km range almost due south of the radar.
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Figure 11. Doppler Mean Velocity in Azimuthal Scans at 1316 EST. Range

is marked at increments of 32 km. Scans at elevationi angles of 1.5' (upper

panel) and 2.5' (lower panel) show increased inward (southerly) flow ;It

ranges of' 40-100 kmn in the southeast, just. east, of the advancing regioni of

weaker souith west erlv flow. Note (i t ;Ibafs('lice of, correspon in g feat iires oil

the northern side of tHie displY.
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are not true averages over the entire 80 kin square grid. At 1 km height, for

example, the data extend only to the range at which the MIT radar beam

intersects this surface at its lowest elevation angle. [Hence, Figure 13 would

not reveal the effect of the advancing southwesterly flow at 1 km height,
even if that flow were present there.

It is of interest to compare temperature gradients derived by the thermal

wind equation with those derived from surface and upper air temperature

data. The wind shears in the six layers between 1 and 4 km at 1214 EST

yield gradients of 0.13, 0.028, 0.019, 0.019, 0.016, and 0.013 K km - 1. With

the exception of the lowest layer, these compare well in both magnitude and

direction with the observed gradients of 0.025 K km - 1 on the 850 mb

surface at 1.5 km height (Figure 1) and 0.013 K krn-1 on the 700 mb

surface at 3 km height. Although the strong shear between 1 and 1.5 km is

inconsistent with the observed gradients aloft, we should note that the

gradient at the surface below the analysis grid was 0.08-0.1 K km - , with

isotherms oriented from southwest to northeast, during the time of these

radar observations.

The wind shift line that is evident in Figure 12 is associated with distinct

features in the fields of divergence and vorticity. At 1245 EST the wind
shift line coincided with an elongated area of convergence, evident from 1.5

to 4 kin height, and a similar area of positive vorticity, evident from 1.5 to

2.5 kin. As shown in Figures 14 and 15, these features persisted as the line

advanced across the grid, except that an area of divergence progressively

developed ahead of the convergence area. Between 1335 and 1401 EST the

movement of these features was greatly accelerated, relative to their speed

between 1214 and 1335 EST. One might doubt their continuity in the later

interval but for the obvious characteristics of the velocity field at 1401 EST

(Figure f1ib).

It was not possible to examine the subsequent development and

movement of these features in detail, however, because of the increasing

difficulty of reliable velocity synthesis to the east and southeast of the dual-

radar baseline. We can, however, examine the I)oppler velocity data from

the ('l, radar to obtain some information on the subsequent developments.

We find that, with the knowledge gained from the dual-I)oppler analysis.

we can identify the wind shift line as ,arlY as 1215 IST. It is readily
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evident in Figure I1, for example. The lin e is identifiable in the Doppler

velocity displays as late as 1,120 EST. The eastward movement of the wind

shift line preceded the clearing of the heaviest precipitation throughout this

period, which is discussed in more detail in Section 4.3 below.

Several related observations support the interpretation that a mesoscale

trough and ridge of limited vertical extent moved across the analysis grid.

Azimuthal displays of )oppler inean velocity indicate that the southerly

coinpotient of wind at 1.5-1 kmi height to the south of the radar gradually

increased after the passage of the wind shift line. Azimuthal displays of

Doppler mean velocity at high elevation angles throughout this period

indicate that the flow near the top of the radar echo was not significantly

changed by the passage of the wind shift line. The radar data thus suggest

that a mesoscale trough, identified with the cyclonic curvature of the wind

across the wind shift line. was followed by a miesoscale ridge, both of which

were part of the circulation around the synoptic scale cutoff low. The wind

variations identified in the radar data apparently did not extend to tile

surface, as there was no significant change of winds reported hourly during

the passage of the wind shift line or during the clearing of precipitation.

There is some evidence in the upper air analyses to support the foregoing

interpretation. The 850 rub analysis at. 0700 EST (Figure 1) indicates a

significant cyclonic curvature between Washington, 1). C. (Sterling, Va.).

where the wind was westerly, and Wallops Island, Va., and Atlantic City.

N..J., where the wind was more southerly. It was not possible to track the

subsequent development of this feature, however, because analyses from the

National Meteorological Center were not available for 0000 and 1200 1T' oil

13 February. Another possibility is that the 850 mb low is in a mature

stage of development and a new 850 rub low center is forming to the east,

near the junction of the cold, warm, and occluded fronts. In the absence of

subsequent upper air analyses, this caniot, be confirmed.

4.3. Surface Weather Events

Several features of the meteorolo.ical ob,,erv\raion' at the sirface 'rC

pertinent to the interpretation of the ttrc'.meale rid field ' derived frorti li,
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ard ala. TUh rou ghourt the (lay over sou thern New England the surface

pr('ssiirrel A(1 at rate of' 1 -2 nib fir 1. The hourly reports of aircraft
aft i lce ('c s' . ig revecal ant a rea of p re.slire falls exceeding 3 rnb hr-1 (0. 1
i I Ig per fIrl) t fiat was first observed bet ween 0900 and 1000 EST

extc(iid(i rig across ( onnecticrit f romr tire nort h central part of the state to the
so tii('i't or rier aind( ofi'shore. 'Thiis area of more rapidly falling pressuire

ioVe'( riort iieastw~ard at about .10 kill hrt Itiuring the following 6 hr. Its

pa ~sag vert ire (JI radfar site coin cidled wit h a pressure fall of 5.5 nib
bet werI3-1(0 a id 1.11 ST' (9. turnb fir 1), which was followed by a rise of

2.1 lIt) ili :30 rliurtes before the p)ressuire c'onlt inued to fall at, its earlier rate.

l etwee ii 1 31(0 a rid 1-130 VST the w inrd at the radar site, from an azimuth of

60t" . i ireaised from iain a verage of abouit 6 Ill sec- to a bout 11 m sec
wit Ii ia peaik grist of' 22 nit sec ., arid (decreased to its previous value with no

('flange,( of dlirection . These observations, particularly the pressure record,
fir rt ii er sirpport t i ( fy pot iresis of a inesoiscale trough and] ridge aloft.

'Fir eaIrl ' stages of' development of the precipitation field were described

in Sect ion .. 1. Thel( change of the wind field described in Section 41.2
occrrd Ju'( rst. ahead of a line of nearly complete clearing of precipitation.

Witliln tire anailysis grid to the soruth of thie GL radar the western edge of
iil(' ipreipJi tioni area (let ectedl iv the radIar moved eastward at about 60

krrl hir 1, initialf v about 50 kill behind the wind shift. line. To the north of
the radar the welStern edge of the p~recipitation area moved eastward more

slow lv. ,iboriO 30 krll hir Ibetween 1:315 and 1420 EST, and it became

almniost stationary for . least :30 mrinrites thereafter. After 1400 EST, when

Oihe rellect ivil v was generally less than 7 dBZ throughout the display, a

ri arrow (6-10O kill wide) band of hiigher reflectivity developed along the

west errn edge of the precipitation area to the north of the GL radar. This

hanid extended riorthI-niorthleastwardi from the radar to about 95 km range

ait H119 HSTI (F'igure 16), with a maximum reflectivity of about 35 dBZ, and

reria ineid( nearly stationary while graduially weakening during the ensuing

ilr Iflorur. We dIid riot. a tteipt to an alyze the wind fields in the vicinity of

iis feat r m, as t.c he(isplaYs of Doppler meian velocity did not. exhibit any

sign iificant. spatial struncturire or terniporal variat ions.

Th iese obser vat ions and l annalYsis reveal significannt dletailIs of the evolunt ion

of tire stonrni rut liita"tely* raise a va:riety of qruest ions about the dynamnics,

tire anIswe(rs to whlich aIre IWeyorIt Ilie copc of I liis r('fport . For examlple. hlow
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Figure 16. Absolute Reflectivity and Doppler Mean Velocity in Azimuthal

Scans at, 1,119 EST'. Narrow bands of enhanced absolute reflectivity shown

at. 0.5' elevation (tupper panel) are probably due to localized convergence

associated with the rnesoscale trough. Region of weak southwesterly flow is

shown 1) ' positive D~oppler velocityV (greeni) centered at 64 kni range to the

Soultheast at. 1.5" e'leva tion angle (lowver pat i).
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is the mesoscale trough and the intrusion of drier air related to the
movement and intensification of the surface low pressure center to the
south? It seems likely that, the mesoscale trough and ridge were responsible
for the fact that nearly all the precipitation occurred well in advance of the
surface low pressure center. Where does the dry air originate? The 850 mb
analysis at 0700 EST (Figure 1) indicates drier air over stations to the
southwest. The Chatham sounding (Figure 3) indicates drier air between
850 and 700 rob, which may have subsided within the mesoscale ridge. A
more precise understanding of these phenomena is essential to the
development of improved quantitative precipitation forecasting techniques.

5. SUMMARY

We have described mesoscale features of a coastal storm that occurred on
12 February 1988. Of particular interest are the apparent relationship of
the differential reflectivity to the northward progression of the rain/snow
line and the evidence of warm air advection aloft near the radar site. It is
also of interest that the "bright band" was not well defined in either the
absolute reflectivity or the differential reflectivity when the rain was beyond
35 km range from the radar but that a distinct bright band in both
quantities appeared above the radar site coincident with the transition to
rain. These characteristics were associated with strong static stability and
the advection of warm air in the lowest 2 km of the atmosphere. In the
later stages of the storm, there was an intrusion of drier air at 1.5-4 km
height in association with a mesoscale trough and ridge. There was an
increasing southerly flow at these heights ahead of an advancing wind shift
line, with weaker southwesterly flow in the drier air behind. The difference
of these flows gave the appearance of a mesoscale vortex in azimuthal
displays of the Doppler mean velocity. The mesoscale trough closely
preceded the large-scale clearing of precipitation from the west, which
occurred well in advance of the passage of the low pressure center to the
south.

Although the analysis reported here relies on dual Doppler radar wind
measurements, the results are applicable to observations of extratropical
storms by sin gle l)oppler ral rs. 'I'hc l)oplicr velocit y data provide
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information about the upper air circulation that is not generally derivable

from analyses at the synoptic scale, because of the limited spatial and
temporal resolution of the upper air data. The mesoscale trough and ridge

that we deduced from our analysis produced distinct features in the displays

of Dopppler velocity and evidently had a significant impact on the

development of the precipitation.

The analysis reported here is the first use of the dual-Doppler radar

capability provided by the 11-cm radars at GL and MIT. We contemplate

the continued use of these facilities in the future for investigations of storm

dynamics and microphysics, with increasing emphasis on the expanded

polarimetric capabilities of the GL radar.
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